Aims Although arrhythmia surgery and radiofrequency catheter ablation to cure atrioventricular nodal reentrant tachycardia differ in technical concept, the late results of both methods, in terms of elimination of the arrhythmogenic substrate and procedure-related new and different arrhythmias, have never been compared. This constituted the purpose of this prospective follow-up study.
Methods and Results
Between 1988 and 1992, 26 patients were surgically treated using perinodal dissection or 'skeletonization', and from 1991 up to 1995, 120 patients underwent radiofrequency modification of the atrioventricular node for atrioventricular nodal reentrant tachycardia. The acute success rates of surgery and radiofrequency catheter ablation were 96% and 92%, respectively. Late recurrence rate in the surgical and radiofrequency catheter ablation groups was 12% and 17%, respectively. Mean follow-up was 53 months in the surgical group and 28 months in the radiofrequency catheter ablation group. The final success rate after repeat intervention was 100% in the surgical group and 98% in the radiofrequency catheter ablation group. Comparison of the initial and recent series of radiofrequency catheter ablated patients showed an increased initial success rate with fewer applications. In the radiofrequency catheter ablation group, a second-or third-degree block developed in three patients (2%), requiring permanent pacing, whereas in the surgical group no complete atrioventricular block was observed. Inappropriate sinus tachycardia needing drug treatment was observed in 13 patients (11%), mostly after fast pathway ablation, but was never observed after surgery. New and different supraventricular tachyarrhythmias arose in 27% of the patients in the surgical group and in 11% of the radiofrequency catheter ablation group, but did not clearly differ.
Introduction
Initially, surgical modification of the atrioventricular node was the only method to interrupt atrioventricular nodal reentrant tachycardia. Both cryosurgery for modification of the perinodal tissues along the perimeter of the triangle of Koch [1, 2] and 'skeletonization', a dissection technique to interrupt all atrial inputs of the atrioventricular node except the 'deep' left atrial input [3] , resulted in successful cure of the tachycardia while preserving atrioventricular conduction. For several reasons radiofrequency catheter ablation is today's treatment of choice for abolishment of recurrent atrioventricular nodal reentrant tachycardia [4] [5] [6] [7] [8] . While the early results of surgical and radiofrequency catheter atrioventricular nodal modification show a high immediate success rate and a low complication rate [4] [5] [6] [7] [8] , the late clinical outcome and arrhythmic side-effects of these interventions have rarely been reported [9] [10] [11] [12] [13] [14] . The purpose of this prospective one-institutional study was to compare these effects of both interventions in order to examine our therapeutic progress.
Patients and Methods
Between 1988 and 1992, 26 patients atrioventricular nodal reentrant tachycardia underwent operative perinodal dissection, and from 1991 to 1995, 120 patients were treated with radiofrequency catheter ablation (Table 1 ). In the surgical group, one patient had mild mitral valve stenosis. In the radiofrequency catheter ablated group there were three patients with associated coronary artery disease, three patients suffered from chronic obstructive pulmonary disease, one patient had a surgically corrected ventricular septal defect, and another patient a concomitant non-sustained ventricular tachycardia unassociated with structural heart disease.
Electrophysiological testing before intervention
The electrophysiological study was performed in the post-absorbative state. If necessary, the patients were sedated with diazepam, fentanyl or a combination of these drugs. Prior to the study, antiarrhythmic drugs were discontinued for at least five half-lives. For recording of intracardiac electrocardiograms and performing programmed electrical stimulation, diagnostic catheters were positioned high in the right atrium, in the His bundle region, the coronary sinus and the right ventricular apex. Standard criteria were used to establish the diagnosis of dual atrioventricular nodal pathways and typical and atypical atrioventricular nodal reentrant tachycardia [15, 16] . If atrioventricular nodal reentrant tachycardia could not be induced by programmed electrical stimulation with different paced heart rates, using up to three extrastimuli, isoprenaline (titrated to increase heart rate by >20%) or atropine were administered intravenously (maximum dose of 2 mg). This procedure was repeated if atrioventricular nodal reentrant tachycardia recurred after a previously successful procedure.
Surgical atrioventricular node modification ('skeletonization')
Using normothermic cardiopulmonary bypass, the atrioventricular node region was exposed through a right atriotomy along the tricuspid annulus, extending to the atrial membranous septum [1] . The tendon of Todaro was identified. The inferior medial right atrial wall was incised along the septal segment of the tricuspid annulus below the atrial membranous septum. Dissection of the right atrial wall was completed and extended inferiorly towards the coronary sinus orifice and superiorly where a plane of cleavage was identified between the right atrial wall and the intermediate atrioventricular node, to meet the anterior septal incision. The septal atrial wall was divided and deflected posteriorly to expose the atrioventricular node. The intermediate atrioventricular node was identified by its oblique, pale myocardial fibres and dissected from surrounding tissue to separate superficial and posterior atrial inputs while deep inputs were left intact. Atrioventricular nodal conduction was monitored during the operation. The end-point of the procedure was the non-inducibility of atrioventricular nodal reentrant tachycardia during 
G. P. Kimman et al.
electrophysiological testing, prior to closure of the atrium. Inducibility of no more than one nodal echo beat was accepted.
Radiofrequency atrioventricular node modification
A quadripolar Steerocath or Tracfinder catheter (EP Technologies), or a quadripolar 4 mm tip catheter (Cordis-Webster) with deflectable curves were used. Radiofrequency energy pulses of 7 to 50 Watt at a frequency of 500 kHz were delivered by a custom-made available electrosurgical device by delivering current between the distal electrode and a cutaneous, indifferent, dispersive pad positioned on the patient's back.
Selective fast pathway ablation
During a fast pathway ablation procedure, the ablation catheter was positioned across the tricuspid annulus to record a His bundle potential during sinus rhythm and thereafter slowly withdrawn until the amplitude of the atrial electrogram exceeded the ventricular electrogram and the His bundle potential was small or hardly visible [11] . Radiofrequency application was initially delivered at this target site. After each application of radiofrequency energy, electrophysiological induction of the tachycardia was attempted and when still inducible, the above procedure was repeated in an attempt to reach a better position or better tissue contact as described above. Ablation was considered immediately successful when atrioventricular nodal reentrant tachycardia was no longer inducible or when a 30% prolongation of the PR interval or an inadvertent second-or third-degree atrioventricular block occurred. Atrial pacing at a cycle length of 500 ms was started at the onset of the accelerated atrioventricular junctional rhythm, thereby permitting continuous monitoring of atrioventricular conduction.
Selective slow pathway ablation
The site of slow pathway ablation was established by positioning the ablation catheter septally, just across the tricuspid valve posterior to the atrioventricular node immediately posterior, anterior or at the level of the ostium of the coronary sinus. That area was examined for the presence of slow pathway potentials thought to be presented by double potentials in the bipolar atrial electrocardiogram of the ablation catheter. When these signals could not be located within a time frame of 20 min, a more aspecific ablation of the posterior perinodal atrium was performed. Radiofrequency energy was applied between the tricuspid valve and the os of the coronary sinus, whereas the amount was titrated to inducibility of atrioventricular nodal reentrant tachycardia [5, 15, 16] . The end-point of slow pathway ablation was non-inducibility of atrioventricular nodal reentrant tachycardia with preserved atrioventricular nodal conduction.
Combined slow and fast pathway ablation
If initially a slow pathway approach was chosen and ablation was not successful after more than an arbitrary 20 radiofrequency applications, the previously described fast pathway ablation approach was applied during the same procedure. Conversely, if fast pathway ablation was unsuccessful, slow pathway ablation was carried out, again during the same session. The end-point of this approach was based on the previously mentioned end-points for fast and slow pathway ablation.
Patient follow-up
All patients were followed for at least 1 year in our outpatient clinic or by the referring cardiologist. If a patient experienced symptoms of palpitations, a 24-h Holter recording or a self-activating ambulatory single channel ECG recording and exercise testing were performed. An electrophysiological study was scheduled if recurrence of atrioventricular nodal reentrant tachycardia could not be confirmed while symptoms remained present. When the diagnosis of atrioventricular nodal reentrant tachycardia was established, a second ablation procedure was carried out.
Statistical analysis
Data are expressed as mean+SD. Chi-square and Student's t-test were used for statistical comparison whenever appropriate. For censored data the logrank test was used. A two-tailed P value <0·05 was considered significant.
Results
One hundred and thirty-four of the 146 patients (92%) had typical atrioventricular nodal reentrant tachycardia, and in 12 patients (8%) it was atypical. There were no significant differences in electrophysiological baseline characteristics between the surgical and various ablation groups (Table 1) . Fast pathway ablation significantly increased the PR and AH intervals (P<0·05) compared with the values observed after slow pathway ablation and surgery (Table 2) .
Surgical atrioventricular node modification
In 25 of 26 patients (96%), immediate success was achieved (Table 2 ). In 10 patients (38%), transient complete atrioventricular block was observed, but
Late results of the AV node for AV nodal re-entrant tachycardia 529 atrioventricular conduction normalized in all patients within a few minutes, except for two patients (8%) in whom a first degree atrioventricular block persisted (Table 3) . One patient had a pneumothorax, and in one patient an occlusion of the left anterior descending coronary artery occurred, associated with an anterior myocardial infarction. Three of the 25 immediately successful surgical patients experienced recurrences of atrioventricular nodal reentrant tachycardia (Table 3 ). In two of these patients atrioventricular nodal reentrant tachycardia recurred in the early 7 months after surgery, in one patient a recurrence was documented 3 years after surgery. Two of the latter three patients had a subsequently successful radiofrequency catheter ablation, one patient underwent three successive radiofrequency catheter ablation sessions because of repetitive recurrences of atrioventricular nodal reentrant tachycardia. In this patient, the tachycardia did not reoccur during a mean follow-up of 17 months. The patient with an immediately unsuccessful first procedure had a successful second operation. New and different supraventricular tachycardias arose in seven patients (Table 3) . Two patients underwent radiofrequency catheter ablation of the His bundle and pacemaker implantation since these arrhythmias (type 1 atrial flutter and atrial fibrillation) became drug refractory.
Radiofrequency atrioventricular node modification
Selective fast pathway ablation Immediate success was obtained in 36 of 40 patients (90%) treated with this technique (Table 2) . One patient developed complete atrioventricular block requiring pacemaker implantation (Table 3) . Immediately after catheter ablation, eight patients suffered from inappropriate sinus tachycardia and required a beta-blocking agent for 2 weeks to 3 months. Atrioventricular nodal reentrant tachycardia recurred in three patients (8%) with an immediately successful ablation (Table 3) . They were successfully treated with a second fast pathway catheter ablation procedure. Two of the four patients with an unsuccessful first attempt had no recurrence of atrioventricular nodal reentrant tachycardia after a second ablation session. One patient required a third and one a fourth session. Eventually, all were free of atrioventricular nodal reentrant tachycardia. Table 3 displays the onset of late new supraventricular tachycardias.
Selective slow pathway ablation Forty-six of 47 patients (98%) had an immediately successful slow pathway ablation (Table 2) . One patient developed complete atrioventricular block requiring pacemaker implantation (Table 3) . Four patients had inappropriate sinus tachycardia and received a betablocking agent for 2 to 8 weeks. Nine of 46 patients with an immediately successful ablation suffered from recurrences of atrioventricular nodal reentrant tachycardia and required a second attempt (seven patients) or a third session (two patients) (Table 3) . Eventually, all were successfully controlled. The patient with an unsuccessful first ablation was controlled after two successive repeat catheter ablations. Table 3 displays the onset of new supraventricular tachycardias.
Combined slow and fast pathway ablation
After unsuccessful fast or pathway ablation, 33 patients underwent additional slow pathway ablation or vice versa during the same session. Immediate success was reached in 27 of 33 patients (82%) ( Table 2) . Symptomatic second-degree atrioventricular block was seen in one patient requiring pacemaker implantation (Table 3) . After an immediately successful procedure, six patients had recurrences of atrioventricular nodal reentrant tachycardia (Table 3) . Successful slow and fast pathway ablation was performed again in four of them. The two remaining patients were treated with a repeat slow pathway ablation, of which only one was successful. Two of the six patients with an immediately unsuccessful ablation refused a second ablation attempt and were treated with antiarrhythmic drugs. Three patients were successfully treated in a second ablation session and one needed a third procedure. Table 3 displays the onset of new supraventricular tachycardia. Recurrences of atrioventricular nodal reentrant tachycardia after an immediately successful radiofrequency modification of the atrioventricular node, emerged most frequently (73%) in the early months (maximum 7 months) after ablation, although one recurrence was documented after 25 months. Time of recurrence was not associated with the applied method of atrioventricular node modification. Considering all radiofrequency catheter procedures, the following complications were observed. Three patients suffered from a pneumothorax due to a subclavian vein puncture, two developed pericarditis and one had an ischaemic cerebral infarction 2 h after the procedure, despite adequate intravenous heparinization. The latter patient fully recovered with conventional drug therapy.
Discussion

Immediate results
From a historical perspective this study provides a unique opportunity to compare the early and late results of a relatively large series of surgically treated patients with those of radiofrequency catheter ablated patients. It should be noticed that surgery was practised only briefly and was quickly overtaken by radiofrequency catheter ablation. There was no statistical difference in patient characteristics between either group regarding clinical presentation and failure of drugs, although during the years the indication for radiofrequency catheter ablation has extended because of the easier approach. Despite differences in technical approach, the immediate success rates of surgery (96%) and radiofrequency catheter ablation (92%) are well comparable, and agree closely with the results of earlier studies in which radiofrequency catheter atrioventricular node modification was exclusively applied [4] [5] [6] [7] [8] , although our immediate success rate of radiofrequency catheter ablation is slightly lower. However, the immediate success rate of the 40 recently treated patients was 95%, in comparison with 89% of the 80 first treated patients (P=0·26). The mean number of applications also differed significantly between the 80 first treated patients and the 40 recently treated patients, namely 16 and seven respectively (P<0·05). Opposite to surgery, radiofrequency catheter modification of the atrioventricular node caused complete atrioventricular block in two patients (2%) and a second-degree atrioventricular block in one patient (1%), requiring pacemaker implantation. One of these patients underwent catheter modification of the slow pathway in an area anatomically distant from the His bundle, an approach which is assumed to be related to a low risk for complete atrioventricular block [13, 14, 24, [28] [29] [30] . Other studies describe a higher incidence of atrioventricular block, specifically complicating fast pathway ablation, varying from 3·5% in experienced investigators up to 21% in inexperienced operators [4, 6, 9, 13, 14, 17, 24, [26] [27] [28] [29] [30] . Therefore, one may question whether the atrioventricular node can functionally or even anatomically be regarded as a distinct structure, as suggested by earlier experimental data [37, 38] . Persistent inappropriate sinus tachycardia requiring treatment with a beta-blocking agent, was observed in 13 patients (11%), and occurred mostly after fast pathway ablation. This observation is in agreement with previously reported incidence of inappropriate sinus tachycardia after catheter atrioLate results of the AV node for AV nodal re-entrant tachycardia 531 ventricular node modification [31] [32] [33] but was never found to be complicating the surgical procedure [1] [2] [3] [9] [10] [11] .
Late results and new arrhythmias
After an immediately successful surgical or radiofrequency catheter modification of the atrioventricular node, atrioventricular nodal reentrant tachycardia recurred in three (12%) and 18 (17%) patients, respectively. Most recurrences (73%) occurred in the early months (maximum 7 months) after the intervention, but recurrence after 3 years was also documented in the surgical group, and after 2 years in the radiofrequency catheter ablated group. In comparison with earlier studies, the recurrence rate in the radiofrequency catheter ablation group was high [4] [5] [6] [7] [8] 12, 13, 15, 16, 18, [23] [24] [25] . However, the recurrence rate of the 40 recently treated patients was 8%, in comparison with 21% in the 80 first treated patients (P=0·07), and in agreement with these studies. The final outcome after repeat interventions was also very comparable between both approaches, namely 100% in the surgical group and 98% in the radiofrequency ablation group. These results are in agreement with earlier studies [9, 10, 12, 13, [17] [18] [19] [20] [21] [22] [23] [24] [25] . Both procedures for atrioventricular node modification were associated with the onset of new and different supraventricular tachycardia, including paroxysmal and chronic atrial flutter, atrial tachycardia and atrial fibrillation. The incidence was 27% in the surgical and 11% in the radiofrequency catheter ablation group. Despite a difference in follow-up interval, the incidence of these new arrhythmias did not differ in either group (log rank test: P=0·2). Ventricular tachyarrhythmias were never observed. Previous studies have suggested a causal relationship between type 1 atrial flutter and atrioventricular nodal reentrant tachycardia, because of a possibly shared pathway in the lower right atrium [34, 35] . In our study, two out of three patients with preexistent paroxysmal type 1 atrial flutter had no recurrence of either atrioventricular nodal reentrant tachycardia or atrial flutter after successful radiofrequency catheter ablation of only the atrioventricular node, supporting the aforementioned hypothesis. On the other hand, in a few other patients, both surgery and radiofrequency catheter ablation were able to eliminate atrioventricular nodal reentrant tachycardia, but type 1 atrial flutter arose afterwards or persisted in one patient (Table 3 ). This can be explained by an inter-patient difference in size of the critical area in the perinodal atrium to allow the initiation of atrial flutter and atrioventricular nodal reentrant tachycardia. Furthermore, successful cure of atrioventricular nodal reentrant tachycardia can be achieved with discrete lesions that interrupt the zone of slow conduction in the low right atrium. However, such lesions are not sufficient to cure type 1 atrial flutter [34] . This latter assumption is supported by the observation that atrioventricular node modification can be successful, while maintaining slow pathway conduction [5] [6] [7] 24] . The late occurrence of atrial flutter in these patients can probably be ascribed to the damage produced to this specific area, which instead of generating conduction block may have caused further slowing of conduction, thereby providing a substrate for type 1 atrial flutter to emerge.
Because the patients in whom atrial fibrillation became manifest had either mitral valve disease or dilated atria, it is more likely that the mechanism of this arrhythmia can be attributed to an ongoing atrial disease, rather than being procedure-related [36] . Patients with atrial tachycardia after successful atrioventricular nodal reentrant tachycardia treatment did not show underlying heart disease, and therefore it is postulated that this arrhythmia is caused by unfavourable effects on radiofrequency energy on cardiac node innervation and/or atrial tissue. More data on late follow-up is required to support this hypothesis.
Limitation of the study
The results of both interventions represent the outcome of a 'learning curve' by our centre. Additionally, training facilities must also be taken into account. This explains the initially large number of applications as well as the initially high recurrence rate. Furthermore, the time of follow-up for patients who underwent radiofrequency catheter ablation was shorter than for the surgically treated patients, but it was at least 1 year for all patients. Because most recurrences of atrioventricular nodal reentrant tachycardia can be expected to occur within the first months after the procedure, the results of both procedures appear valid, although during late follow-up recurrences of atrioventricular nodal reentrant tachycardia were registered in both the radiofrequency and surgical group, even after 25 months and 3 years, respectively, which also contributed to the high recurrence rate. Electrophysiological follow-up studies were performed only in patients with symptoms suggesting recurrent atrioventricular nodal reentrant tachycardia. However, it has been reported that atrioventricular nodal reentrant tachycardia was only inducible at follow-up electrophysiological study in patients who had a clinical recurrence of atrioventricular nodal reentrant tachycardia [8] .
Conclusion
Radiofrequency catheter ablation has become today's choice for elimination of recurrent atrioventricular nodal reentrant tachycardia because this intervention avoids thoracotomy and reduces hospitalization. Despite differences in methodology, initial and late results of both interventions were very comparable in this one-institutional study. The percutaneous approach has therefore rightly replaced arrhythmia surgery, but its late arrhythmic side-effects warrant refinement of the technique.
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